physical restraint stress is the most widely applied procedure. 11 This and other types of stress-inducing procedures have been applied when searching for mechanisms of psychological stress linked to atherosclerosis. Interestingly, when genetically atherosclerosis-susceptible apolipoprotein (apo) E-deficient mice were exposed to various types of stress-inducing procedures, the development of atherosclerosis either accelerated 12 or remained unaffected. 13 A key event of atherosclerosis is the generation of cholesterolloaded macrophage foam cells in the arterial intima. High-density lipoprotein (HDL) particles, by stimulating efflux of excessive cholesterol from macrophages and promoting its transfer to the liver for its ultimate excretion in feces, initiate the macrophagespecific reverse cholesterol transport (M-RCT), 14 which is considered a critical antiatherogenic pathway. 15 Importantly, the rate of the M-RCT pathway in vivo can be modulated at any of its 3 key steps, namely, macrophage cholesterol efflux to HDL, hepatic uptake of HDL cholesterol, and ultimate excretion of macrophage-derived cholesterol by the intestine. 16, 17 In the present study, we examined whether acute psychological stress modifies the rate of M-RCT. For this purpose, we exposed mice to physical restraint stress for 3 hours and evaluated M-RCT within the stress period using a recently validated assay. 18 Surprisingly, we found that a single period of acute stress accelerated the rate of M-RCT. The mechanism was found to be mediated by elevation of circulating corticosterone (CORT). Moreover, peroxisome proliferator-activated receptor-α (PPARα) was identified as a transcription factor that downregulated the intestinal expression of the cholesterol transporter Niemann-Pick C1-like 1 (NPC1L1), and so decreased cholesterol absorption by the enterocyte.
Methods
For a detailed description, see the Online Data Supplement.
C57Bl/6J mice were either exposed to restraint stress by being placed into well-ventilated plastic restraint cylinders for 3 hours or deprived of food and water in their cages for the 3-hour period (control mice). In some experiments, mice were exposed to 3 sessions of 3-hour stress within 24 hours or to 1 to 2 sessions per day of 2-hour stress for periods of 5 to 7 days. In all protocols, the stress was applied during the light cycle. M-RCT in vivo was evaluated in stressed mice and their nonstressed controls within the 3-hour period. For the general in vivo M-RCT assay, mice received intraperitoneal injections of [ 3 H]cholesterol-loaded J774 macrophages and, after 3 hours, radioactivity in serum, liver, and intestinal contents were measured, as described previously. 18 The effect of stress on the M-RCT also was evaluated in peroxisome proliferator-activated receptor (PPAR)α knockout (KO), liver X receptor (LXR) αKO, human apoA-II transgenic, and in wild-type C57Bl/6J mice fed with ezetimibe-supplemented or GW0742-supplemented diets, or under pharmacological treatments that affect glucocorticoid production by the adrenal glands in vivo. The ability of serum to accept foam cell-derived cholesterol was evaluated ex vivo, 19 the hepatic uptake of intravenous administered [ 3 H]cholesteryl oleate-labeled HDL was assessed over 3-and 24-hour periods, 20 and intestinal cholesterol absorption was evaluated in vivo with a fecal dual isotope method 21 adjusted for the 3-hour timeframe. Synthesis of cholesterol in the liver and in the intestine was evaluated by intraperitoneal administration of tritiated water. 22 Expression of selected transcription factors and cholesterol transporters genes was analyzed by quantitative real-time polymerase chain reaction (RT-PCR) in J774 macrophage foam cells, and in the liver and the small intestine of control and stressed mice. Expression of intestinal Niemann-Pick C1-like 1 (NPC1L1) and hepatic scavenger receptor-BI (SR-BI) proteins was analyzed by Western blotting. All values are expressed as mean ± standard error of the mean.
Results

Serum Lipids, HDL, and HPA Axis Components in Stressed Mice
Serum parameters of stressed mice placed in restrainers for 3 hours and of the matched nonstressed control group are summarized in Online Table I . Levels of the stress hormone CORT increased significantly (5-fold) in serum of the stressed mice. Total and HDL cholesterol were reduced, but no significant differences were found in apoA-I, triglycerides, lecithincholesterol acyltransferase activity, or in the potential of serum to generate preβ-HDL between stressed and control mice. Fractionation of serum by fast pressure liquid chromatography showed that exposure to stress did not change the elution profile of HDL (Online Figure I) . The time course of stress-induced effects in HDL particle size and in serum levels of total cholesterol, apoA-I, corticotropin-releasing factor (CRF), the principal regulator of the HPA axis, and CORT were further studied in a separate experiment (Online Figure  II) . HDL particle size remained unchanged (approximately 11 nm) over the entire 3-hour period of stress (Online Figure  IIA) . Serum cholesterol levels tended to decrease within 10 minutes of exposure to stress without reaching a statistically significant difference at any time point when compared with the basal level, whereas apoA-I levels remained essentially identical throughout the entire stress period (Online Figure IIB) . In contrast, stress induced distinct changes in the circulating levels of HPA axis hormones. Although both CRF and CORT rapidly increased on exposure to stress, CRF peaked at 10 minutes and then rapidly returned to basal levels, whereas CORT levels remained elevated until the 3-hour time point (Online Figures IIC  and IID) . This dual effect is characteristic of stress and is an essential part of the feedback regulation of the HPA axis. 23
Rate of M-RCT in Stressed Mice
To investigate whether a short period of stress would affect the rate of M-RCT, mice were placed in restrainers immediately after having received an intraperitoneal injection of [ 3 H] cholesterol-loaded macrophages, and the transfer of the tracer to HDL, liver, and the intestinal contents was evaluated after a 3-hour period of stress and expressed as percentages of the injected dose (Figure 1 ). In the stressed group, the macrophagederived radioactivity was lower in serum HDL ( Figure 1A ) and remained unchanged in the liver ( Figure 1B ). Of note, in the stressed mice, the 3 H-radioactivity levels in the luminal contents of the small intestine were markedly elevated, particularly in the free cholesterol fraction ( Figure 1C ), whereas no significant differences were observed in the minute amounts of radioactivity found in the secreted bile acids, as compared with the nonstressed control mice. These results indicated that exposure to stress had accelerated the M-RCT rate in the mice. Moreover, the M-RCT-accelerating effect of stress also was observed after intraperitoneal injection of other types of [ 3 H] cholesterol-loaded macrophages, (ie, either primary mouse peritoneal macrophages or murine macrophage-like P388D1 cells) (Online Figures IIIA and IIIB) , which demonstrated that the type of macrophage had not influenced M-RCT. To exclude the possibility that the injection of the cells into a site adjacent to the intestine had resulted in increased cholesterol transport via peritoneal circulation with direct intestinal uptake, we evaluated the transfer of J774-derived [ 3 H]cholesterol to the intestine after a subcutaneous injection of the cells in the scapular region of the mice. Because the 3-hour period was too short to evaluate the cholesterol movement from the skin to the intestine, the mice were exposed to 3 sessions of 3-hour stress within 24 hours after subcutaneous injection of [ 3 H]cholesterol-loaded macrophages, followed by M-RCT evaluation (Online Figure IIIC) . Similar to the results obtained when the macrophages were intraperitoneally injected, M-RCT from subcutaneously injected cells increased during stress, so excluding the possibility that the intraperitoneal injection had induced a bypass of [ 3 H]cholesterol from the injected macrophages to the intestine. Taken together, the results demonstrated that stress accelerated the transfer of macrophage-derived cholesterol to the intestine. This unexpected finding prompted us to explore which of the key steps along the M-RCT pathway was specifically affected during the stress period.
Non-standard Abbreviations and Acronyms
Macrophage Cholesterol Efflux to Mouse Serum
We first studied the effect of stress on the functionality of the endogenous cholesterol acceptors and the efficiency of macrophages to release cholesterol ( Figure 2A ). Analysis of cholesterol efflux from [ 3 H]cholesterol-loaded J774 cells incubated for 3 hours in media containing serum from control or stressed mice showed that stress did not modify the cholesterol efflux capacity of serum (Figure 2A , left). Both sera were also equally efficient in promoting cholesterol efflux from [ 3 H]cholesterol-loaded C57Bl/6J mouse peritoneal macrophages isolated from control mice (Figure 2A , right). These results were consistent with the similar levels of apoA-I found in sera from stress and control mice (Online Table I ). Because increased serum CORT concentration facilitates its diffusion into the peritoneal cavity (in basal conditions approximately 20% of serum CORT concentration is present in peritoneal fluid), we mimicked the CORT-enriched peritoneal fluid of stressed mice by performing an in vitro cholesterol efflux assay in the presence of CORT. However, adding CORT (50 and 250 ng/mL) to the culture media did not affect the ability of J774 macrophages to release cholesterol to serum (Online Figure IV) . Overall, the results are consistent with the view that the stimulatory effect of stress on the M-RCT pathway does not occur at its initiation, but rather at its terminal steps.
Hepatic Uptake of HDL-Derived Cholesterol
Next, we evaluated the effect of stress on the hepatic uptake of HDL cholesterol. To this end, HDL preparations derived from both control and stressed mice were labeled in parallel. Autologous [ 3 H]cholesteryl oleate-labeled HDL were intravenously administered to mice immediately before exposure to stress and to control mice. After 2 minutes of injection, the radioactivities in serum were similar in the 2 groups of mice, being within the range of 72% to 85% of the dose. In contrast, a moderate but statistically significant increase in hepatic radioactivity was found after 3 hours of injection in the stressed mice relative to the control group ( Figure 2B ). The finding that stress enhanced hepatic uptake of HDL-derived cholesterol accords with the reduced HDL cholesterol level (Online Table  I ) and the lower macrophage-derived [ 3 H]cholesterol in HDL in the sera of stressed mice ( Figure 1A) . To obtain data of HDL cholesterol clearance, fractional catabolic rate of [ 3 H] cholesteryl oleate-HDL was determined during a 24-hour stress period. Although the plasma decay curves for the tracer indicated that stress had no effect on the fractional catabolic rate (Online Figure VA) , we again observed an increased hepatic uptake of HDL cholesterol in the stressed group (Online Figure VB) . These results could indicate that during stress, serum cholesterol was redirected toward the liver without a net effect on HDL clearance. A similar effect was recently found during PPARγ activation, which redirected cholesterol from the liver toward adipose tissue, without having any influence on HDL cholesteryl ester turnover. 24
De Novo Synthesis of Cholesterol in the Liver and the Small Intestine
We analyzed whether the enhanced intestinal excretion of cholesterol induced by stress stimulated its hepatic or intestinal biosynthesis as a compensatory response. For this purpose, mice were intraperitoneally injected with 3 H 2 0 and then exposed to stress. After 3 hours, cholesterol was extracted from the liver and the small intestine and de novo synthesis of cholesterol in these tissues was calculated (Online Figure VI) . The cholesterol synthesis rate in the liver of control mice was in good agreement with earlier studies, 22 and exposure to stress led to a nonsignificant trend toward an increase, whereas no change in the rate of cholesterol synthesis in the small intestine was observed.
Cholesterol Absorption Function of the Intestine
Given the importance of the intestine in the net RCT flux, we next investigated the effect of stress on the intestinal absorption of cholesterol. For this aim, [ 14 C]cholesterol and the nonabsorbable [ 3 H]β-sitostanol were administered by gastric gavage immediately before the stress period, and the radioactivities in the contents of the small intestine were measured after 3 hours. The transit time of the administered sterols from the stomach to the small intestine was not affected by stress, as reflected by a similar recovery of 3 H-radioactivity derived from β-sitostanol in the small intestine of both groups (Online Figure VII) . However, as reported previously, 25 the colonic motility increased after exposure to restraint stress, which resulted in higher levels of sitostanol in feces. To normalize cholesterol absorption relative to the transit rate along the entire intestine, we used the [ 14 C]/[ 3 H] sterol ratio 21 ( Figure 2C ). Importantly, a significant increase in the [ 14 C]/[ 3 H] ratio was observed in the small intestine contents from stressed mice, and also in the pooled contents of the large intestine and feces. Moreover, the levels of [ 14 C]cholesterol radioactivity in serum of the stressed mice were markedly lower than in control mice ( Figure 2C , right). These results indicate that stress reduced the intestinal absorption of cholesterol. Because NPC1L1 is the critical transporter for cholesterol absorption in the intestine, 26 we also examined the effect of stress on M-RCT in mice treated with ezetimibe, which efficiently blocks the NPC1L1-dependent cholesterol absorption pathway 27 and significantly enhances RCT in mouse models. 27, 28 In line with a previous report, 28 ezetimibe significantly increased the transfer of macrophage-derived 3 H-radioactivity to the small intestinal lumen. However, no additive increase of the M-RCT rate occurred in ezetimibe-treated mice exposed to stress (P=0.54; Figure 3A ). Similarly, in mice treated with the PPARδ agonist GW0742, which reduces NPC1L1 mRNA expression in mice, 28 a 2-fold increase was found in the tracer content in small intestine, and, importantly, stress did not have any further effect on M-RCT rate (P=0.36; Figure 3B ). Altogether, the data suggest that stress and the 2 drugs share a common M-RCT stimulatory mechanism that involved inhibition of the NPC1L1 function in the intestine, thus impairing the reabsorption of HDL-derived 5% v/v, final concentration in medium). After 3 hours, macrophage cholesterol efflux was determined and expressed as dpm medium / (dpm cells +dpm medium )×100. Efflux to medium only was subtracted from the efflux values obtained in the presence of serum. B, High-density lipoprotein (HDL) isolated from control and stressed mice were labeled with [ 3 H]cholesteryl oleate. HDL uptake by the liver was evaluated by intraperitoneal injection of the autologous radiolabeled HDL preparation (≈80 μg HDL cholesterol/mouse) to the control and the stress groups (n=8 mice/group). After 3 hours of HDL injection, the [ 3 H]radioactivity in the liver was measured and expressed as percentage of the dose. C, Mice that received a mixture of [ 14 C]cholesterol and [ 3 H]βsitostanol by gastric gavage were immediately exposed to stress. After 3 hours of sterol administration, the [ 14 C]/[ 3 H] ratio was measured in the luminal contents recovered from the stomach, the intestine, and the feces of control and stressed mice. Labeled cholesterol. Because NPC1L1 affects cholesterol absorption, but not bile acid absorption, this suggestion is compatible with the observed increase in [ 3 H]cholesterol, but not in [ 3 H]bile acids, in the intestinal lumen of the stressed mice ( Figure 1C ).
Expression of Genes Related to Cellular Cholesterol Transport
To search for potential mechanisms mediating the effect of stress on M-RCT, we determined by quantitative RT-PCR the mRNA expression of PPARα, PPARδ, and LXRα, which are major regulators of cholesterol homeostasis, and their downstream cholesterol transporter target genes, which are important for RCT 28, 29 (Figure 4 ). Gene profiles were analyzed in J774 macrophages that had been incubated for 3 hours in CORT-enriched culture medium and in livers and small intestines derived from stressed mice. A 3-hour exposure to CORT induced LXRα expression in the macrophages, but no difference was found for PPARα, or for ATP-binding cassette transporters (ABC) A1 and G1, the 2 pivotal transmembrane proteins determining cholesterol efflux in macrophages 30 (Figure 4A ). Compared with control mice, mice exposed to stress had significantly upregulated PPARα mRNA expression levels in the liver and the small intestine, whereas no differences were found for LXRα expression in these two tissues ( Figures 4B and 4C) . The levels of PPARδ mRNA also remained unchanged in the small intestines of the stressed mice ( Figure 4C ). No statistically significant differences between control and stressed mice were found in hepatic ABCG5/G8 heterodimer, or in SR-BI and hepatic lipase mRNA levels ( Figure  4B ). Of note, NPC1L1 mRNA expression was significantly downregulated in the intestines of stressed mice, whereas expression of ABCG5/G8 and ABCA1, which favor cholesterol export from absorptive cells into the lumen or to the basolateral compartment, 31 respectively, remained unchanged ( Figure 4C ). Overall, the results strongly indicated a functional connection between acute stress and decreased function of intestinal NPC1L1 via a mechanism likely to be mediated by PPARα, which is known to negatively regulate NPC1L1 expression in mice. 32 
Identification of CORT as a Mediator Involved in the Stimulatory Effect of Stress on M-RCT
The finding that serum concentration of CRF, the initial HPA axis coordinator and essential mediator of endocrine and behavioral stress responses, declined to the basal levels after 10 minutes of stress suggested that the stress mediator of the RCT response was most likely located downstream of CRF. One possibility is that the typical stress-dependent elevation of the circulating hormone CORT could be the signal triggering a sequence of events leading to the inhibition of intestinal cholesterol absorption. To test this hypothesis, we administered CORT to control mice and evaluated M-RCT after 3 hours ( Figure 5 ). To keep high levels of serum CORT during the entire study period, 2 subcutaneous doses of CORT (5 mg/kg) or vehicle (control group) were administered, one immediately before and the other 1.5 hours after the intraperitoneal injection of [ 3 H] cholesterol-loaded macrophages. Three hours after the initial CORT injection, the mice were euthanized and M-RCT was evaluated. Administration of CORT to control mice maintained high levels of CORT in serum throughout the 3-hour experimental period (Online Table II ) similar to those found in mice maintained in restrainers for the same period of time. Serum levels of CRF were significantly reduced in the CORT-treated mice possibly because of the inhibitory effect of the sustained high levels of serum CORT achieved by the administration of exogenous CORT. No differences in HDL cholesterol were found between the groups (Online Table II ). Of note, mere administration of CORT to control mice fully reproduced the stress effect on the transfer of macrophage-derived [ 3 H]cholesterol to the various compartments analyzed. Importantly, the significant increase in the 3 H-radioactivity levels in the intestinal contents of the CORT-treated mice indicated that sole administration of CORT was sufficient to accelerate the rate of M-RCT in the nonstressed mice. Because CRF, but not CORT, increases colonic motility during stress, 33 these results imply that factors regulating the stress effects on intestinal transit and on M-RCT were independent, and also suggested that CORT contributed to the inhibition of intestinal cholesterol absorption in the stressed mice. To verify the putative role of CORT, we further evaluated whether blocking adrenal CORT synthesis could prevent the effect of stress on M-RCT. To this end, mice received a single intraperitoneal injection of the cytochrome P450 inhibitor metyrapone (100 mg/kg) 1.5 hours before exposure to stress. The rate of M-RCT to the intestinal lumen was evaluated within the 3-hour stress period ( Figure 6 ). Because metyrapone alone did not modify the transfer of [ 3 H]cholesterol from macrophages to the small intestinal contents relative to vehicle-treated control mice (0.46±0.05% versus 0.51±0.11% of the injected dose; P= 0.58), we used metyrapone-treated control mice and vehicle-treated stressed mice as reference groups. The selected dose of metyrapone fully inhibited the increase in serum CORT induced by stress ( Figure 6A ). More importantly, the acceleration of M-RCT induced by stress was fully inhibited in mice that had been pretreated with metyrapone ( Figure 6B ). We also determined the effect of stress on M-RCT in human apoA-II transgenic mice, which have been shown previously to have HDL and apoA-I deficiencies and selective depletion of adrenal cholesterol 20 (Online Table III and Online Figure VIII) . These mice, when exposed to stress, exhibited impaired CORT production (Online Figure IXA ) similar to that found in apoA-I KO mice. 34 Consistent with the observed involvement of CORT in the M-RCT response to stress, no significant change in the M-RCT rate was found by exposing these mice to stress (Online Figure IXB) . Altogether, the results implicated CORT as playing a significant role in the stress-triggered M-RCT response. The finding of a significant positive correlation between CORT levels and M-RCT rate (Online Figure XA) further supported this notion. Moreover, this novel stress-dependent effect on RCT and its significant correlation with circulating CORT also were observed after repeated exposure of mice to acute periods of stress for 1, 5, or 7 days (Online Figure XB) . In these groups of mice, macrophage-to-feces RCT also was significantly accelerated (Online Figures XC and XD) .
Mechanisms Involved in the CORT-Mediated Effect on M-RCT
Next, we investigated the role of CORT in the stress-related modulation of intestinal gene expression. For this purpose, we measured by quantitative real-time polymerase chain reaction the expression levels of the transcription factors PPARα, PPARδ, and LXRα in CORT-treated control mice and metyrapone-treated stressed mice (Figure 7) . Similar to the mice exposed to stress, PPARα mRNA significantly increased in the CORT-treated mice ( Figure 7A ). Moreover, pretreatment with metyrapone, which fully prevented the stress-induced increase in CORT levels, totally abolished PPARα upregulation induced by stress ( Figure 7B ). We also studied how CORT treatment affected the expression of the intestinal cholesterol transporters NPC1L1, ABCG5/8, and ABCA1. Comparison of CORT-treated and vehicle-treated groups indicated that CORT administration did not influence the gene expression of NPC1L1, but it upregulated the expression of transporters thought to be directly (ABCG5) or indirectly (ABCA1) involved in cholesterol absorption 31 (Figure 7A ). However, exposure to stress led, again, to specific downregulation of NPC1L1, whereas inhibition of CORT synthesis by metyrapone abolished this effect ( Figure 7B ). Because treatment with CORT turned out to be a suitable pharmacological surrogate of the stress effect, we analyzed NPC1L1 protein levels in CORTtreated mice. Despite no apparent effect on NPC1L1 expression at the gene level ( Figure 7A) , the intestinal NPC1L1 protein levels decreased in the CORT-treated mice (Online Figure XI) . These data support the role of CORT as an important mediator in the stress-induced modulation of intestinal PPARα and NPC1L1 expression.
Given that the administration of exogenous CORT induced upregulation of ABCG5 and ABCA1, which are not PPARα target genes, and that intestinal ABCA1 expression has been found to be induced via a PPARα mechanism that involves LXR, 35 we directly investigated whether the stress-mediated response also involved LXRα activation. To this end, we determined the M-RCT rate in PPARα KO and LXRα KO mice exposed to stress (Figure 8 ). Of note, although the HPA axis is not dysfunctional in these mice, as shown by the significant increase in circulating CORT in response to stress ( Figure 8A and 8B) , no stimulatory effect was found on the M-RCT rate, which actually tended to decrease ( Figure 8C ) or remained unchanged ( Figure  8D ) when compared with controls. These results indicated that mere elevation of CORT by stress was not sufficient to promote M-RCT, but required competent PPARα and LXRα pathways.
Discussion
In mammals, the various physiological responses to stress are mediated by stimulation of the HPA axis, which results in the secretion of glucocorticoids from the adrenal cortex. In the present study, we disclosed a novel mechanism by which a single acute period of stress accelerated M-RCT primarily by impairing the cholesterol absorption function of the intestine without affecting hepatic or intestinal cholesterol synthesis. Of note, Relative mRNA expressions of peroxisome proliferator-activated receptors PPARα, PPARδ, liver X receptor (LXRα), Niemann-Pick C1-like 1 (NPC1L1), and ATP-binding cassette transporters (ABCA1/G5/G8) were evaluated by quantitative real-time polymerase chain reaction in the small intestines from (A) mice subcutaneously injected with CORT as described in Figure 5 and (B) control mice treated with metyrapone and stressed mice injected with metyrapone or vehicle as described in Figure 6 . N=4-6 mice/group. The signal of the control samples was set at a normalized value of 100 arbitrary units. GAPDH was used as internal control. *P<0.05; **P<0.01; ***P<0.001.
the stress-dependent increase in the M-RCT rate was maintained in mice exposed to stress episodes for at least 7 days. Importantly, we demonstrated that mere elevation of circulating CORT in nonstressed mice triggered such RCT response. Moreover, PPARα was identified as a transcription factor that downregulated the intestinal expression of the cholesterol transporter NPC1L1, known to provide a key pathway for cholesterol absorption in the enterocyte. The prevention of intestinal reabsorption of cholesterol and the concomitant interruption of enterohepatic circulation of cholesterol induced by stress increased the net transfer of macrophage-derived cholesterol into the intestinal lumen and feces, and ultimately facilitates removal of cholesterol from the entire body. To the best of our knowledge, this is the first indication of the effect of psychological stress on intestinal genes involved in RCT regulation.
PPARs and LXRs are major regulators of intestinal cholesterol homeostasis via transcription of various target genes in the enterocyte. PPARδ activation in mice has been found to decrease intestinal expression of NPC1L1 and to promote RCT. 28, 29 In fact, PPARδ also was shown to stimulate a nonbiliary transintestinal cholesterol efflux pathway that contributes to the total fecal neutral sterol excretion without involving NPC1L1. 36, 37 In contrast, in the present model of acute stress, intestinal upregulation of PPARα, but not of PPARδ, resulted in NPC1L1 repression, thus impairing the intestinal reabsorption of macrophage-derived cholesterol. This was confirmed by the lack of a stress effect on the M-RCT rate and on NPC1L1 expression (Online Figure XII) in PPARα KO mice. In line with our findings, fenofibrate-induced PPARα activation has been found to decrease the expression of NPC1L1 in the small intestine of mice, both at the mRNA and protein levels. 32 Interestingly, intestinal NPC1L1 also is an LXRα target gene, both in mice in vivo and in a human enterocyte cell line in vitro. 38 In addition, it was recently found that intestinalspecific, but not hepatic-specific, LXRα activation leads to decreased intestinal cholesterol absorption, thereby increasing RCT in vivo. 39 Moreover, chronic administration of a synthetic LXR agonist to mice has significantly increased PPARα mRNA levels in the small intestine, but not in the liver. 40 Collectively, these studies support the notion that the small intestine exerts an important regulatory role in the RCT pathway, and strongly suggest the involvement of a complex transcriptional cross-talk between PPARα and LXRα in determining intestinal cholesterol excretion in response to stress.
In contrast to its sharp effect on the intestinal function, exposure to acute stress moderately increased the hepatic uptake of HDL, whereas the cholesterol efflux capacity of serum remained unchanged. Interestingly, neural circuits recently have been found to regulate peripheral cholesterol metabolism in mice, suggesting that central melanocortin signaling upregulates the hepatic expression of SR-BI mRNA and, thus, decreases HDL-C levels. 41 Because melanocortin has been found to be involved in HPA activation during acute restraint stress, 42 it is plausible that neural-derived signals had induced the overexpression of SR-BI protein also in the present stress model (Online Figure XIII) , leading to decreased serum HDLcholesterol levels. In line with our data, hepatic expression of SR-BI has been shown to be a positive regulator of M-RCT in mice, 43 and it also has been found to increase in mice exposed to social stress. 44 Regarding cholesterol efflux, a complex signaling transduction network among PPARs and LXR has been found to increase ABCA1 mRNA expression in THP-1 cells and mouse fibroblasts. 45 More recently, PPARα agonism in mice was found to trigger a coordinated PPARα-LXR macrophage pathway that enhanced M-RCT by promoting ABCA1/G1 expression and cholesterol efflux in a fashion that depended on apoA-I synthesis. 46 From the present data, it appears that although incubation of macrophages for 3 hours with CORT led to LXRα gene upregulation, PPARα upregulation also was required to induce ABCA1/G1 cholesterol transporter overexpression, at least during a 3-hour incubation period. Furthermore, the ABCA1 gene is selectively repressed by dexamethasone binding to macrophage glucocorticoid receptors, 47 a mechanism that also might apply to CORT. These findings, in addition to the maintenance of basal levels of apoA-I in serum during stress (Online Table I ), are compatible with the lack of effect of stress on the efflux machinery efficiency.
Similar to PPARα upregulation induced by glucocorticoids in primary rat hepatocyte cultures 48 and in the liver of rats exposed to restraint stress for 4 hours, 49 in our mouse model, the stress-dependent increase in circulating CORT increased hepatic PPARα expression. More importantly, the present results uncovered a direct link between circulating CORT and PPARα expression in the small intestine during acute stress, with the main effect being a stress-dependent inhibition of intestinal NPC1L1 expression leading to impaired cholesterol absorption. PPARα also has been found to modulate the anti-inflammatory effect of glucocorticoids in inflammatory lung and bowel models in mice. 50, 51 Of note, the distinct upregulation of ABCG5 and ABCA1 induced by exogenous CORT suggested the involvement of PPARα-independent regulatory pathways. Particularly, it appeared that high levels of CORT, most likely via a coordinated effect of PPARα and LXRα, exerted redundant effects on the enterocyte net cholesterol balance (ie, by decreasing NPC1L1 gene expression levels and upregulating ABC transporters). In fact, ABCG5/G8 gene expression is stimulated in mice by the LXR agonist T0901317, resulting in an induction of M-RCT. 52 Although the role of intestinal ABCA1 in the efflux of cholesterol from the enterocyte back to the intestinal lumen is controversial, 53, 54 an inverse correlation has been found between intestinal ABCA1 mRNA content and the amount of cholesterol absorbed in mice. 35 An inhibitory effect on cholesterol absorption associated with ABCA1 upregulation was demonstrated to be mediated by LXR 55 or via a PPARα mechanism that involves LXR. 35 Moreover, a specific and independent role of intestinal LXR activation in M-RCT promotion via upregulation of the intestinal ABC transporters A1, G5, and G8 was recently demonstrated. 56 Altogether, our experimental results converged to emphasize the role of CORT in RCT stimulation by a potential mechanism that occurs via a coordinated downstream signaling cascade that mainly targeted the intestine and most likely involved both PPARα and LXRα. Yet, because NPC1L1 is the critical protein for the uptake of cholesterol across the plasma membrane of the enterocyte, 26 the potential significance of the ABC pathways modulating RCT during induction of stress seems to be less relevant. In addition, PPARα appears to cooperate with the HPA axis in regulating energy homeostasis and the immune response via an intricate network of target genes involved in CORT metabolism, 57 whereas LXR influences CORT synthesis by the adrenal glands, which may be particularly important during chronic stress. 58 These data evidence the complex cross-talk existing among PPARα, LXRα, and CORT during both acute and chronic stress.
Importantly, although acute restraint stress in rodents is known to modify the intestinal transit time, it has been found to increase colonic motility but not the transit time in the upper part of the intestine, where most of cholesterol is absorbed. 59, 60 Such an increase in colonic motility is only a temporary effect of stress, and the normal flow is recovered after chronic stress. 61 Because the motility of the small intestine was not affected by stress (Online Figure VII) and this intestinal segment was the end point location where M-RCT was measured, it follows that our data were not affected by a change in intestinal motility. Moreover, we demonstrated that M-RCT was accelerated in mice exposed either to a single acute period (macrophage-to-intestine) or to periods of stress repeated for 7 days (macrophage-to-feces). These facts strongly indicate that our data reflect the actual rate of M-RCT attributed to decreased (NPC1L1-mediated) cholesterol absorption. Interestingly, NPC1L1 also is highly expressed in the human liver. Hepatic NPC1L1, residing on the canalicular membranes, is believed to counterbalance ABCG5/G8-mediated biliary secretion of sterols by transporting sterols in the bile canaliculus back to hepatocytes. 62 The regulation of NPC1L1 expression in the human liver and intestine is still largely unknown and, to our best knowledge, no study has been reported addressing the effect of stress on NPC1L1 expression or cholesterol absorption. We can speculate that if stress reduces both hepatic and intestinal NPC1L1 expression in humans, then the additional increase of cholesterol content in the bile might represent a synergistic effect to a reduced reabsorption of intestinal cholesterol, therefore further increasing RCT.
In summary, our data strongly support the view that stress modifies intestinal cholesterol homeostasis, which is a major determinant of M-RCT. This is of primary interest because RCT is believed to be the major mechanism by which HDL protects against atherosclerotic cardiovascular disease. 16 However, different types of stressors have exerted varying effects on atherogenesis, for example, a stressful social environment accelerates atherosclerosis, 63, 64 whereas discrete exposure to physical stressors does not. 13 Whether these differences might be related to distinct magnitudes in CORT increases induced by different types of experimental stress is not known. Such differences in response have been attributed to the secretion of cytokines involved in vascular inflammatory processes. Thus, it was found that social stress, but not exposure to physical stressors, led to the release of the proinflammatory cytokines interleukin-6 and chemokine (C-X-C motif) ligand 1. 65 Similarly, a chronic depression-simulating stress model in rabbits also has been reported to induce vascular inflammation via tumor necrosis factor-α and p38/c-Jun N-terminal kinase pathways and lipid accumulation in the aorta after 4 months. 66 In contrast, it was recently reported that up to 12 months of exposure to chronic stress in C57Bl/6J mice fed an atherogenic diet suppressed the development of intimal foam cells and attenuated the atherogenic histological changes in the aorta. 67 Although the cited studies have shown that the effect of stress on atherosclerosis is related to the particular type of stressor, the present finding that acute stress actually accelerates RCT was unanticipated. If we consider that a shortterm stress period enables the body with adaptive responses to protect against a threat/risk of injury, then increased synthesis of glucocorticoids may represent one of the body's auto pharmacological protective mechanisms in various disease processes. 8−10 Accordingly, the envisioned protective response also might apply to chronic diseases, such as atherosclerosis. Further investigation is necessary to determine whether the specific impairment of cholesterol absorption constitutes an actual beneficial function during repeated episodes of acute stress or whether it is a mere bystander mechanism resulting from a more general effect of increasing CORT and PPARα upregulation in the liver and the intestine, two organs critical in body cholesterol homeostasis.
